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(1992) incorporated touch as the basic mechanism of prey detection in the functional response model of Holling (1959a, b) . The present study investigates the assumptions underlying the disc equation (type-2 functional response) and provides an explicit test of the validity of prey detection by direct touch.
Our subjects, knots, usually occur in exposed intertidal habitats, feeding on small bivalves and gastropods that are obtained in a rather stereotyped way, by probing in soft sediments (Prater 1972 Experiments were carried out under controlled laboratory conditions. These are much more uniform than those encountered on intertidal flats, but they offer the possibility to vary factors possibly affecting intake rate, such as the density, the size and the depth of buried bivalves independently. Our results hint at undescribed sensory mechanisms (Dusenbery 1992 where N is the number of prey ingested, t is time (s), a is the instantaneous area of discovery (cm2 s-'), D is the prey density (cm-2) and th is the (constant) handling time (s). The instantaneous area of discovery, a, is a 'clearance rate', and is also called searching efficiency (Hassell 1982 Each of the 124 experimental sessions lasted until the birds had taken six prey. The first prey was excluded from the analysis, since at the start of an experiment search time for the first was hard to measure accurately. A high-resolution video camera registered all experiments. The video-images were examined. Search times for each successively ingested prey were measured at normal recording speed. Handling times were measured by slowing down the video-tape to one-fifth of the recording speed.
Materials and methods

EXPERIMENTAL
We checked whether our method of pushing bivalve prey in the sediment with a rod, and then filling and covering the hole, provided cues to the feeding knots.
Four birds were let foraging on a tray in which at one third of previously randomly assigned coordinates, prey were inserted in the sediment. At another third, holes were made and filled again without a prey being inserted. The remaining third of the coordinates was left untouched. We allowed the birds to forage for 5 min, and then examined the sediment for pecks and probes to see whether they aimed their probes randomly over the tray or whether they cued into filled holes, either containing a Macoma or not. We tested this by comparing the numbers of pecks and probes within a radius of 1.5 cm around the different 'hole' types at the assigned coordinates.
STATISTICAL ANALYSES
Several linear models, differing in the factors taken into account, were examined. Dependent variables were the average search time and the average handling time of the second to the sixth prey encounters. We assumed that during the short interval in which the birds encounter the first six prey items, searching was more or less systematic, so that the effect of prey depletion could be ignored. Normal probability plots showed that both variables were approximately normally distributed after log transformation. Logs to the base 10 were used. The Macoma-and Cerastodermasessions were analysed separately. In accordance with Holling's deterministic model, the simplest stochastic models for the random variable search time, Ts leads to: 
Results
LOCALIZED PROBING DUE TO EXPERIMENTAL
INSERTION OF PREY IN SEDIMENT?
Although the birds differed in the total number of probes and pecks administered to the sediment in the tray in 5 min (respectively 64, 154, 175 and 227), none of the individual birds appeared to cue into filled or unfilled holes (Table 3) .
SEARCH AND HANDLING TIMES
All bivalve prey extracted from the sediment were ingested, so there was no problem of 'negative' handling times. For both prey species, Cerastoderma and Macoma ( Fig. 1) , no significant differences between the four search time models that were analysed could be discovered, i.e. no effects of shell length, prey depth and individual bird were found. Hence the simplest model (Model 4), in which search time is only a linear function of the inverse of density, should be preferred (Tables 4 and 5 (Tables 6 and 7 ). The negative correlation between prey density and a in oystercatchers was attributed by Wanink & Zwarts (1985) to an increased selectivity of the bird for particular individual prey at higher densities of buried bivalves. Heightened selectivity would also explain the decrease in handling time with increasing prey density, since oystercatchers are likely to select increasingly the bivalves from which the flesh can be most easily extracted (such as those with valves slightly agape allowing the easy insertion of the bill). Knots ingest their bivalve prey whole, and this additional criterion does not apply. The fact that oystercatchers extract flesh from the shell whereas knots ingest them whole, may therefore explain the differences in the extent to which these two probing wader species obey the two basic assumptions of the disc equation. gives a good fit to the observed intake rates of shallow buried Cerastoderma (Fig. 4) , especially if we take into account that successive probes show overlap. For small-sized and deeply buried Macoma, however, the observed intake rates are usually greater than predicted from the touch-model ( We could think of two pressure mechanisms which could be used by knots to discover deeply buried bivalves: (i) that knots, by the rapid movements of their bill in the substrate at a frequency of about 10 Hz, would generate a wave of which they would receive back the reflections; and (ii) that they would register the build-up of pressure in the direction of a solid object as the bill moves into the sediment. The first mechanism would require a sensor capable of picking up low frequency pressure waves, such as the Grandry corpuscles, which are able to detect frequencies up to 150 Hz, mentioned by Gerritsen (1988b). However, the resulting wavelength of 100 m (Dusenbery 1992: table 9-3) would no doubt be prohibitive. The second mechanism requires as yet undescribed specialized mechanoreceptors in the bill tip. As pointed out by Dusenbery (1992: p. 258), touch stimuli and sensors, let alone remote-sense mechanisms, are both very situation specific and hard to measure and manipulate. , we infer that knots in August-October would require a minimum intake rate of about 0-3 mg ash-free dry mass s-' feeding time, if they feed continuously for 10 h per day. We furthermore assume that individual knots specialize to feed on one bivalve species at a time, yielding conservative estimates of the extent of suitable area. For the deep-living Macoma the two models generate rather different functional response curves (Fig.   6A) . The touch-model gives lower intake rates, and a higher threshold of acceptable harvestable biomass (Fig. 6A) , than the 'remote sense' model. In the shallow living Cerastoderma the difference between the models is small, and so are the predictions for biomass thresholds (Fig. 6B ). An analysis of the spatial distribution of the two bivalves around Griend shows that, on the basis of the empirical functional response curve for Macoma, knots could occur over a much wider area of intertidal flat than on the basis of the direct touch-model (Fig. 6C : 59 squares of 250 x 250 m instead of 6). The predictions on the basis of Cerastoderma are similar (Fig. 6D) . It is rewarding to find that the concurrent distribution of feeding knots (Fig.   6E ), shows a strong overlap with areas where the threshold biomass is reached (Fig. 6F) 
